Amidst growing international awareness on the impact ship exhaust emissions on climate and air quality, the case of Greece is of particular interest because the dense ship traffic within the Greek seas directly imposes the impact of its exhaust emission pollutants (NO X , SO 2 and PM) upon the highly populated, physically sensitive and culturally precious Greek coastline, as well as upon the land and seas of Greece in general, whereas the contribution of Greece in the global CO 2 inventory at a time of climatic change awareness cannot be ignored. With regard to the shipping activity within the Greek seas, the utilization of the fuel-based methodology for domestic shipping and the activitybased methodology for international shipping shows that in 2008 the ship generated emissions of CO 2 , SO 2 , NO X and PM reached 7.4 million tons (7 million tons of CO 2 ) and their externalities totaled 2.95 billion euro (155 million euro for CO 2 ). Finally, the internalization of the emission externalities of domestic shipping was found to produce an increase of 12.96 and 2.71 euro per passenger and transported ton of cargo, respectively.
INTRODUCTION
In their operational mode all vehicles of transport are energy consumers and ships are no exception. The consumed energy appears in the form fuel burned by the marine engines for the purposes of propulsion and auxiliary support, together with the inevitable production of waste energy forms such as the emitted exhaust energy at the ship's funnel. Ship transport accounts for the overwhelming majority of world global trade and is widely acknowledged as being environment friendly compared to other transport modes. However, ship exhaust emissions are reported to represent a significant contribution to the global anthropogenic emissions (Psaraftis and Kontovas, 2009; Endresen et al., 2005 Endresen et al., , 2003 Eyring et al., 2005; Corbett and Koehler, 2003; Corbett et al., 1999) . Amidst the growing global environmental awareness in a competitive world economy, the shipping industry has to respond to mounting policy pressure for curbing its share upon the observed atmospheric degradation without compromising its positive contribution to global trade and growth.
In terms of the latter, keeping bunker costs low has been of prime importance for the shipping industry because they may account for up to 50% of the voyage costs (Stopford, 2009 ) and up to 60% of the total ship costs (or up to 40% of total costs) when fuel prices are higher, as it was the case during the summer peak of 2008 (Notteboom and Vernimmen, 2008) . Bunkering expenditure depends upon fuel price and fuel consumption. The major part of ship technological research for reducing bunker costs was devoted to reducing fuel consumption through the development of fuel-efficient ships. Modern marine engines compared to their predecessors are found to satisfy better the need for fuel efficient, low maintenance and environment friendly operation, thus fulfilling both private and social cost interests. Furthermore, the increase in fuel efficiency implies the improvement of fuel utilization, which amongst other changes is also manifested through the reduction of exhaust energy and hence of the level of emitted pollutants, with the exception of NO X , since the increase in thermal efficiency leads to higher NO X levels due to the increased production of thermal NO.
However, the increasing demand in sea-borne trade inevitably led to higher bunker sales and hence increased quantities of exhaust emissions. Inevitably, growing environmental awareness upon the state of the planet brought shipping into the agenda of combating the problem of anthropogenic atmospheric pollution. To this extent, reliable and up-to-date inventories of ship emissions and their associated externalities are essential tools for monitoring trends and prioritizing policy-making for protecting the atmospheric environment at national, regional and global level.
All research work on ship emission inventories relies mainly upon the application of (fleet) activitybased or fuel-based methodologies. The former method utilizes detailed information on ship movements (location, sailing distance etc) and ship categories (ship type, size and age, engine type, fuel type etc) in conjunction with corresponding fuel consumption figures and emission factors. The fuel-based approach combines data on marine fuel sales (fuel quantities and types) with fuel related emission factors.
Greece together with Sweden, Norway and the United Kingdom rely for their national inventories entirely on national fuel sales split into domestic and international fuel supplies (Winther; Work on ship emission externalities is still in its initial stages, as more research is needed to provide sufficient and precise data for impacts and their external cost estimations. An externality arises when the social or economic activities of one group of persons have an impact on another group and when that impact is not fully accounted, or compensated for, by the first group (European Commission, 2003) . Therefore, the evaluation of externalities is important towards a cost internalization policy and/or in a cost-benefit analysis where the costs to establish measures to reduce a certain environmental burden are compared with the benefits, i.e. the avoided damage due to this reduction. Typical externality research on transport and shipping is provided by the work of Kalli et al. (2008) , Gallagher (2005) . Furthermore, the Clean Air Task Force (CATF) has estimated and recently submitted to IMO the external cost of the death toll from global PM emission from shipping, as found in a recent study by Corbet et al. (2007) . Using Environmental Protection Agency (EPA) figure for "the value of a statistical life", the annual cost to society of the 60000 annual deaths caused by shipping in 2002 is over US$300 billion per year.
With reference to Greece, no previous work on the activity-based estimation of ship emissions and their externalities was detected. Within this research framework, ship emission externalities refer mainly to their impact upon global warming (CO 2 ), acidification (SO 2 and NO X ), eutrophication (NO X ) and human health (NO X , SO 2 , PM and CO 2 ). However, it is important to mention at this stage that significant variations exist in the estimation of ship emission inventories and their externalities, attributed to uncertainties in fuel consumption (whether activity-based or fuel-based), emission factors and external cost factors (Endresen et al., 2005; Gallagher, 2005) .
OUTLINE OF THE REGULATORY FRAMEWORK
In response to the growing awareness upon the environmental deterioration of the planet, the international (IMO) and European legislation with regard to the atmospheric pollution from shipping has so far been mainly targeted at the two main ship exhaust pollutants, namely SO X and NO X , through the mid-2005 implementation of MARPOL Annex VI and EU Sulphur Directive 1999/32 as amended by 2005/33/EC, respectively. Within this regulatory framework, it is important to note that although there has been a Sulphur Emission Control Area (SECA) designation of the Baltic Sea, North Sea and the English Channel (limiting sulphur content of fuel used to 1.5% by weight), that of the Mediterranean Sea is still pending. However, the absence of a SECA provision for the Mediterranean is partially compensated through the implementation of the low sulphur EU Directive, affecting passenger shipping within the European countries of the north Mediterranean region.
Furthermore, the influence of Green House Gases (GHG) (mainly of CO 2 ) on global warming (climatic change) presents shipping with the additional challenge of reducing its share of CO 2 exhaust emissions, in order to meet the Kyoto Protocol binding targets for the UNFCCC mandated Annex I countries, i.e. Developed Nations and Nations with Economies in Transition. Although the Protocol does not include CO 2 emissions from international shipping into national totals, it states that these countries shall pursue limitation or reduction of these emissions through IMO. In the context of monitoring trends on CO 2 emissions from international shipping, mandated countries calculate and report them separately as Memo item. Twelve years after the Kyoto Protocol, the ongoing and intensifying debate at international (IMO) and European level for combating CO 2 emissions from shipping finds the shipping community with no room for complacency. The pressure to adopt technological measures and/or marketbased instruments (inc. the Emission Trading Scheme, ETS) for lowering CO 2 emissions in shipping is mounting and the inability of IMO to proceed decisively on this issue for a universal solution prior to the key UNFCCC in Copenhagen in December 2009 is likely to strengthen the stated willingness of the EU to act unilaterally (according to Directive 2009/29/EC of 23 rd of April 2009), which may lead to EU flag evasion and competitive distortion of the shipping market.
VULNERABILITY OF THE MEDITERRANEAN AND THE GREEK SEAS
Between 1990 and 2007, the world's sea-borne transport work increased from 17121 to 32392 billion ton-miles (UNCTAD, 2009), global marine bunker consumption increased from 177 to 333 million tons and the corresponding emissions of basic pollutants (NO X , SO 2 , PM) and GHGs (namely CO 2 ) increased from 585 to 1096 million tons (Buhaug et al., 2009) . In 2005, the NO X , SO 2 , PM and CO 2 exhaust emissions from shipping in the Mediterranean basin totaled 67 million tons , whereas the corresponding global emissions were 993 million tons. In 2000, more than 50% of all ship emissions in the European seas (within the EMEP area) were generated within the Mediterranean (Cofala et al., 2007) and since then this share has increased due to the subsequent sulphur capping of the north European seas (SECAs).
For the impact of ship exhaust emissions, it is important to note that apart from the CO 2 emission which has a global influence on climatic change, all other emissions (NO X , SO 2 , PM) are spatially significant i.e. are classified as local or regional pollutants. To this extent, extensive ship traffic observations on a global scale indicate that 70% of ships sail within 200 nautical miles from shore, 44% within 50 nautical miles and 36% within a proximity of 25 nautical miles from shore (Dalsoren et al., 2009) . Therefore, from the point of view of the impact of ship emission pollutants upon the population and the environment it is important to note that one third of mankind living within a 50 km distance of the coast and the coastal ecosystem is among the most productive yet highly threatened systems in the world. In 2000, the world coastal population density was 99.6 people per km 2 , while in inland areas the density was 37.9 people per km 2 , i.e. nearly three times less .
In 2000, the Mediterranean coastal zone accommodated 143 million inhabitants and 33% of the Mediterranean population lived on 13% of the area of the 22 coastal countries hosted by the basin. By 2025, this population would reach 174 million inhabitants. According to projections of national and international tourist visits, the coastal regions would be receiving 312 million tourists in 2025, as against 175 million in 2000, i.e. an additional 137 million tourists within 25 years (UNEP/MAP, 2007). Bordered by twenty-two countries it is a sea of multiple seas which provides a vital maritime highway linking maritime traffic to the Atlantic through the Strait of Gibraltar, to the Adriatic through the Ionian, to the Black sea through the Aegean and the Turkish Straits and to the Indian Ocean through the Suez Canal. Despite its small area (0.8% of the world's sea area) the Mediterranean Sea probably suffers from heavy maritime traffic more than any other sea in the world. In 2006, there were 252000 port calls made by 13000 merchant vessels over 100 gt, which accounted for 15% of all port calls made globally. Approximately 10000 transits were made via the Mediterranean by vessels en route between ports outside the Mediterranean (REMPEC, 2008) . The research on the premature deaths of humans caused by PM emissions from shipping (Corbett et al., 2007) has shown that out of the 60000 deaths annually, about 33% are occurring in Europe and about 25% in each of East Asia and South Asia, whereas in the European/Mediterranean region deaths range between 27% and 42% of the global.
In Greece, 98% of the population lives within 100 km from the coast and 33% in coastal cities or villages not more than 2 km from the coast, whereas in the wider damaging context it should be mentioned that no place in Greece is more than 150 km from the sea. Almost all of the twelve million tourists arriving in Greece every year visit the Greek coast, whether mainland or island. Greece has the 10 th longest coastline in the world a coastline at 13780 km, which is about 5% and 30% of the entire European and Mediterranean coastline, respectively. On the other hand, this extensive and highly populated coastline is surrounded by dense domestic and international shipping traffic. The port of Piraeus is at the core of shipping operations in Greece. Domestic and international shipping, as well as bunkering services are mainly placed in and around the Piraeus. According to the Piraeus Port Authority (PPA) statistics, about 25000 calls of domestic and foreign ships are recorded every year, 25% of which are Ro-Pax calls at its passenger terminal alone serving the connections to the Aegean islands. The port of Piraeus is also the top bunker port in the Eastern Mediterranean and ranks amongst the top five over the whole basin, with numerous international bunker calls by container vessels and cruise ships. Piraeus is a port city constituting part of the Athens greater metropolitan area where five million people live and work. In other words almost half of the population of Greece is concentrated within 30 km from the busiest port in Greece and amongst the top ten in the Mediterranean. Finally, the Greek peninsula is surrounded by international shipping traffic through the Ionian and Aegean Sea, to and from the Adriatic and the Black Sea, respectively. The Automatic Identification System (AIS) observations (as provided at www.marinetraffic.com) show that at any given time the Greek seas accommodate the movement of 350 to 450 ships. Apart from its impact upon the population, receptors of ship exhaust emissions shipping are also the natural and manmade environment of Greece, threatening the sustainability of all associated resources. The main sea regions of domestic and international shipping traffic in Greece are shown in Figure 1 
METHODOLOGY 4.1 Fuel Sales and Consumption
In order to estimate the economic impact of ship exhaust emissions upon Greece, it is firstly necessary to produce the relevant ship emission inventory on the basis of the marine fuel consumption within the Greek seas. All domestic fuel sales are restricted to domestic consumption, whereas international fuel sales are partially consumed in Greece. Therefore, the fuel-based methodology is applied for domestic shipping and an activity-based methodology for international shipping. In terms of the former, in 2008, the domestic sales of MDO and HFO were found to be 282 and 521 thousand tons, respectively, as declared by all oil traders to the Greek Ministry of Development. In terms of the marine fuel consumption of international shipping within the Greek seas, the AIS observations were utilized. More specifically, during 2008, four weekly observations were made over quarterly (seasonal) intervals. Excluding the presence of domestic traffic (mainly composed by the domestic Ro-Pax vessels), it was observed that an average of 163 ships of all types and sizes were daily engaged in international shipping through the Greek seas. The seasonal variation between the winter and summer weekly observations of international traffic was found to be around 24% (between 124 and 202 ships, respectively) and it was mainly attributed to the increased summer traffic of cruise ships throughout the Greek seas and the increased frequency of summer itineraries of Ro-Pax vessels on the Greece-Italy route through the Ionian Sea. In order to estimate their daily fuel consumption for each type of ship, the fuel consumption factors according to the Intergovernmental Panel on Climatic Change (IPCC, 2006) were used, as shown in Table 1 . Also, the average main engine consumption (HFO) for the observed ship types according to IPCC 2006 Guidelines is assumed to be 99% for tankers and container ships, 98% for bulk carriers and 95% for general cargo ships, the remaining being attributed to the MDO consumption of the auxiliary engines. Taking into account the significant seasonal variation on hotel services for cruise ships and RoPax vessels, it was considered appropriate to assume that the main and auxiliary engine share of consumption was 80% and 20%, respectively. On this basis, it was estimated, that during 2008, the overall fuel consumption from international traffic in the Greek seas was 2.1 million ton of HFO and 137.8 thousand tons of MDO. The domestic and international marine fuel consumption from shipping within the Greek seas is shown in Table 2 .
Emission Inventories and Externalities
In order to estimate the exhaust emissions inventories, it is proposed to use the fuel-based emission factors for CO 2 , SO 2 , NO X and PM prepared by IPCC 2006 Guidelines and by UNECE/EMEP CORINAIR (EMEP/EEA, 2009), as shown in Table 3 . The emission factors are values for conversion from consumed fuel to the NO X , SO 2 , PM and CO 2 emissions that are derived from a combustion process. In terms of the SO X emission coefficient, the sulphur content of fuel oil was assumed to Oil (LSFO) (i.e. with a max. of 1.5% sulphur) by passenger ships operating between EU ports. This applies to all domestic passenger ships and the Ro-Pax vessels engaged in the Greece-Italy route and refers to 85% of the post-2006 domestic fuel sales and 13% of the international fuel sales for the fuelbased domestic and combined (domestic and international) emission inventory and to 60% of Cruise/Ro-Pax ships on international routes for the activity-based inventory applied in 2008. The sulphur content of distillate fuels was assumed to be 0.5% by mass throughout the examined period. The figures used for the external costs of SO 2 , NO X and PM emissions in this study are based on the work made in the European Commission's DG Research ExternE project (European Commission, 1999) , as adapted by NETCEN to provide a simple tool for estimation of the external costs of air pollution (NETCEN, 2004) . The external costs include acute and chronic effects of PM, SO 2 and NO X on mortality and morbidity, the effects of SO 2 (acidity) on materials used in buildings and structures (excluding those of cultural value) and the effects of NO X on arable crop yield. According to NETCEN, for shipping emissions close to shore, as it is the case for the shipping traffic within the Greek seas, the external cost factors are equivalent to damages imposed upon rural areas. Therefore, with specific reference to Greece, the recommended external cost factors of SO 2 , NO X and PM emissions from shipping are 4100, 6000 and 7800 euro per emitted ton, respectively. However, these values refer to Ship generated exhaust emissions and their externalities for Greece International Journal of Ocean and Climate Systems 
RESULTS AND DISCUSSION
The combined (domestic and international) inventory and associated externalities due to domestic and international traffic within the Greek seas for 2008 are shown in Figure 2 . All emitted species (CO 2 , SO 2 , NO X and PM) totaled about 7.4 million tons. The highest emission was that of CO 2 with around 7 million tons, followed by NO X with 246 thousand tons, SO 2 with 126 thousand tons and PM with 18 thousand tons. The emission externalities from domestic and international shipping within the Greek seas are estimated at 2.95 billion euro. NO X emissions account for 1.94 billion euro, followed by 675, 184 and 155 million euro for the external costs of SO 2 , PM and CO 2 emissions, respectively. It should be noted that the impact upon the human and environmental resources of Greece comes from the spatially significant pollutants of SO 2 , NO X and PM, whereas the impact and external costs of CO 2 are only meaningful in the context of the damages incurred through the global climatic change. Furthermore, it is important to note that despite the significant presence of CO 2 emissions (at around 95% of the inventory), their externality contribution was limited to 5.25% (155 million euro) of the total external costs. In 2008, the emission externalities from domestic shipping were estimated to be around 675 million euro, with a share of coastal passenger and cargo shipping of 85% and 15%, respectively. The emission externality of domestic shipping is slightly less than one-fourth (0.23) of the external costs of domestic and international shipping emissions within the Greek seas. According to the General Secretariat of National Statistical Service of Greece, in 2008, domestic shipping involved the carriage of 44.255 million passengers and 37.317 million tons of cargo. On this basis, the internalization of the emission externality of domestic shipping implies that the passenger fares will be increased on average by 12.96 euro per passenger, whereas the freight rate will be increased by 2.71 euro per ton of cargo. With regard to the reliability of the applied methodology it should be mentioned that the activitybased fuel consumption of international shipping assumes open sea sailing, which is consistent with steady-state engine operation, whereas ship maneuvering and berthing operations are ignored. Furthermore, the reliability of the emission inventories depends upon the suitability of the emission factors in relation to the quality of fuel and the age of the onboard diesel engine technology. To this extent, it should be mentioned that the variation in fuel quality has been limited unless dictated by relevant regulation, as in the case of the sulphur content of fuel. Also, the applied emission factors are consistent with the average level of existing ship engine technology, since they incorporate evaluations from previous (Lloyds Register, 1995) , as well as more recent studies.
Finally, although it was assumed that the emissions from shipping within the Greek seas have rural externality equivalence, it is important to mention that the presence of busy and urbanized ports such as Piraeus and Patras inevitably leads to higher externalities. In this respect, the domestic and international externalities of this study are a conservative estimate. Finally, although the applied external cost factors are widely used in many research studies, it is acknowledged that there is adequate margin for improvement through the broadening of the range of incurred damages and the refinement of their impact evaluation. More specifically, it is important to note that the applied external factors do not include structures of cultural value (such as antiquities) for which Greece has a particular sustainability interest and in this context the ship emission externalities are underestimated.
CONCLUSION
The impact of ship emissions is very significant due to the dense shipping traffic within the Greek seas, in conjunction with the coastal population density and the sensitivity of the natural and manmade environment. In 2008, the ship generated emissions of CO 2 , SO 2 , NO X and PM reached 7.4 million tons and their externalities 2.95 billion euro, whereas the emission externalities from domestic shipping were estimated to be around 675 million euro. The internalization of the emission externalities of domestic shipping was found to produce a fare rise of around 13 euro per carried passenger and a freight rise of 2.71 euro per ton of transported cargo.
Apart from the observed significant ship exhaust emission levels and external costs, it is demonstrated that further work is required towards the refinement of applied methodologies in terms of developing more accurate supporting data (fuel sales figures, fleet-activity information, emission factors and external cost factors), in order to improve monitoring and control of emission inventories and their externalities towards effective environmental policy-making in global, European and national shipping.
